To characterize the role of nitric oxide (NO) in the tolerance of Arabidopsis thaliana to heat shock (HS), we investigated the effects of heat on three types of Arabidopsis seedlings: wild-type, noa1(rif1) and nia1nia2, which both exhibit reduced endogenous NO levels, and a rescued line of noa1(rif1). After HS treatment, the survival ratios of the mutant seedlings were lower than those of wild type; however, they were partially 
INTRODUCTION
When plants are exposed to high temperatures, growth and development may be retarded because of drought and oxidative damage, thereby leading to diminished fertility (Wang et al., 2003; Mittler, 2006) . As a countermeasure, a series of protective reactions are triggered, the most common being heat shock protein (HSP) synthesis. In eukaryotes, HSP expression is mediated by heat shock transcription factors (HSFs) through their binding to heat shock promoter elements (HSEs) in the promoter regions of HSP genes (Nover et al., 2001; Baniwal et al., 2004; Charng et al., 2007) . The regulation of these events is central to the study of thermotolerance.
Currently, calmodulin (CaM), a ubiquitous second messenger, is believed to be the most important multifunctional sensor protein in plants. CaM induces defensive reactions, the function and structure of which are very similar to those seen in animals and yeast. However, CaM exists as several isoforms, one or several of which rely on exogenous stimulation to combine with their particular target peptide. Thereafter, a series of reactions are initiated leading to the induction of a cellular physiological response. For example, CaM is suggested to be a signaling component required for the induction of cold-responsive gene expression in Arabidopsis thaliana (Tahtiharju et al., 1997) . Among the isoforms of CaM, CaM3 is the most responsive to cold (Townley and Knight, 2000) . CaM has also been shown to be up-regulated by heat stress (Gong et al., 1997a, b) . Our group reported that in wheat (Triticum aestivum), CaM was directly involved in HS signaling via the accumulation of HSPs (Liu et al., 2003) , while in maize (Zea mays) seedlings, CaM was suggested to be involved in HSP gene expression based on its ability to regulate the DNA-binding activity of HSFs (Li et al., 2004) . 6 induction of AtCaM3 expression occurred earlier than that of AtHSP18.2 (Liu et al., 2005) . Recently, we utilized several T-DNA knockout mutants and transgenic plants to produce direct molecular and genetic evidence showing that endogenous AtCaM3 is a key component of HS signaling (Zhang et al., 2009b) . Though CaM plays a crucial role in thermotolerance, the precise mechanism for the induction of its functions remains elusive.
In plants, NO functions as an important messenger in multiple biological processes and is induced by multiple biotic and abiotic stresses to mediate resistance responses (Delledonne et al., 1998; Mata and Lamattina, 2004; Zhao et al., 2004; Foresi et al., 2007; Zhang and Zhao, 2008; Zhao et al., 2009) . It also participates in the HS response.
NO is up-regulated by high temperatures in tobacco (Nicotiana tabacum) (Gould et al., 2003) and Symbiodinium microadriaticum (Bouchard and Yamasaki, 2008) . The exogenous application of an NO donor effectively protects rice (Oryza sativa) seedlings and reed (Phragmites communis) calluses, from heat-induced oxidative stress, indicating that NO activates of ROS scavenging enzymes during heat stress and thus confers thermotolerance (Uchida et al., 2002; Song et al., 2006) . However, it remains unclear how NO protects plants against heat stress in vivo.
CaM and NO as signaling molecules play important roles in the plant response to external factors. Many studies in animals and yeast have shown significant overlap in their individual pathways (Su et al., 1995; Newman et al., 2004; Roman and Masters, 2006) ; however, only a few studies have been undertaken in plants. A point mutation in a plant CaM is reportedly responsible for the inhibition of NO synthase (Kondo et al., 1999) . Cross-talk is believed to exist between Ca 2+ -CaM and NO in abscisic acid signaling in the leaves of maize plants (Sang et al., 2008) . Recently our group found that NO was involved in the regulation of extracellular CaM induction during stomatal closure in Arabidopsis (Li et al., 2009 pomatia. nos1, a homozygous mutant line with a T-DNA insertion in the first exon of NOS1, has a reduced level of NOS activity in vivo and a lower NO content than wild-type plants (Guo et al., 2003) . Critical questions have been raised about the role of AtNOS1 in NO biosynthesis, leading to the suggestion that NOS1 is renamed to NO associated 1 (NOA1). Flores-Pérez et al. (2008) demonstrated that the accumulation of plastid-targeted enzymes of the methylerythritol pathway conferring resistance to fosmidomycin in an isolated noa1 allele named rif1 (for resistant to inhibition by fosmidomycin1) is insensitive to NO donor, thus suggesting that the loss of NOA1(RIF1) function affects physiological processes unrelated to NO synthesis.
Interestingly, NOA1(RIF1) contains a GTP-binding domain and has been suggested to be a member of the circularly permuted GTPase family of RNA/ribosome-binding proteins involved in ribosome assembly (Flores-Pérez et al., 2008; Moreau et al., 2008) .
Though it is not certain how NOA1(RIF1) indirectly affects NO accumulation, noa1(rif1) with reduced endogenous NO level is still a convenient tool for studies of NO function (Guo and Crawford, 2005; Zhao et al., 2007; Asai et al., 2008; Li et al., 2009; Zhang et al., 2009a; Zhao et al., 2009) .
In this study, we used noa1(rif1) as a loss-of-function mutant to examine the relationship between NO and CaM under HS conditions, and we investigated the role of NO as a second messenger in the induction of adaptive responses. The results presented demonstrate the involvement of NO in thermotolerance, by activating of AtCaM3 to stimulate its downstream HSF DNA-binding activity and HSP gene expression.
RESULTS

Effects of HS Treatment on Survival and Endogenous NO Production in Wild-type and noa1(rif1) Seedlings
NO accumulates in plants in response to a variety of environmental stresses, including HS (Gould et al., 2003; Bouchard et al., 2008 (Arita et al., 2006; Tun et al., 2006) . Its fluorescence analysis showed that under normal growth conditions (22°C), the NO level in wild-type seedlings was 35% higher than that in noa1(rif1) seedlings. After HS treatment at 45°C, the NO level varied slightly; thereafter, beginning at 30 min, the level of NO increased rapidly. After 70-min HS treatment, NO increased by 190% and 223% in the wild-type and noa1(rif1) mutant seedlings, respectively; the level of NO was consistently lower in the mutant seedlings ( Fig. 1A and B ). Hemoglobin analysis showed the similar NO changing trends under HS treatment (Fig. 1C) .
Next, six-d-old seedlings were subjected to HS treatment at 45°C followed by 6 d of recovery at 22°C, after which the survival ratio was determined. Under normal growth conditions, the noa1(rif1) seedlings exhibited chlorosis and were extremely small in size compared to the wild-type seedlings, consistent with the findings of Guo et al. (2003) . The survival ratios between the wild-type and noa1(rif1) seedlings were different in response to heat stress. After 6 d of recovery, 0-40 min of treatment at 45°C had no influence on the survival ratios of either the wild-type or noa1(rif1) seedlings.
As the duration of the HS period was increased, impaired tolerance was detected in the mutant. The maximum difference was noted after 60-min HS, with survival ratios of 58 and 12% for the wild-type and mutant seedlings, respectively ( Fig. 1D and E) . Based on these results, 60 min was used as the length of the HS period in our subsequent experiments. Our data reveal that in response to HS treatment, the wild-type plants maintained a higher level of NO and a higher survival ratio than the noa1(rif1) mutant showed lower survival ratio and NO level compared to wild-type plants under heat stress (Supplemental Fig. S1 ). It is therefore reasonable to suspect a link between the function of NO and thermotolerance.
The Relationship between NO and Thermotolerance
To examine whether the suppression of the NO level in the noa1(rif1) seedlings was responsible for their impaired thermotolerance, we pretreated noa1(rif1) mutant seedlings with sodium nitroprusside (SNP), an NO donor. DAF-2T fluorescence analysis showed that the exogenous application of SNP gradually increased the NO level in the roots in a concentration-dependent manner. At concentrations below 100 μ M SNP, the internal NO level reached its peak value ( Fig. 2A-C) . The survival ratio changed synchronously depending on the SNP concentration. Survival initially increased, reaching its maximum at 20 μ M (but still lower than that of wild type; Fig. 1 ), then gradually decreased, becoming even lower than the control value at 100 μ M ( Fig.   2D and G). SNP not only releases NO but also releases CN, which has been shown to elicit some of the same responses as NO (Boullerne et al., 1999) . Therefore, to show that NO, and not CN, had mediated these responses, we applied potassium ferricyanide and potassium ferrocyanide as controls and found that they did not influence the survival ratios of the plants under HS conditions (Fig. 2E, F 
Effects of HS Treatment on Survival and Endogenous NO Production in Rescued
noa1(rif1) Line
To confirm previous observations of the effect of NO on thermotolerance, the response of a rescued noa1 (rif1) wild-type and noa1(rif1) mutant seedlings. DAF-2T fluorescence and hemoglobin analyses both showed that under normal and HS conditions, the endogenous NO levels were higher in the rescued line than in the noa1(rif1) mutant and wild-type plants ( Fig.   3A -C). The survival ratio was almost fully rescued, but remained 8% lower than that of wild type ( Fig. 3D and E). These data, combined with the results shown in Figs. 1 and 2, demonstrate that the increased endogenous NO level is involved in plant survival following heat treatment.
Effect of NO on Thermotolerance in cam3-mutant Seedlings
We previously reported that in Arabidopsis, CaM3 was heat-induced and involved in HS signal transduction (Liu et al., 2005; Zhang et al., 2009b) . To gain insight into NO signal transduction, the interaction between NO and AtCaM3 was examined under heat treatment using cam3noa1(rif1) double mutant seedlings. RT-PCR analysis indicated a deficiency in both NOA1(RIF1) and AtCaM3 transcription (Fig. 4A ). The phenotype of the double mutant was similar to that of the noa1(rif1) mutant under normal conditions
We next compared the effects of NO on the survival of wild-type, noa1(rif1), cam3, and cam3noa1(rif1) seedlings. No obvious phenotypic difference was observed between the wild-type and cam3 seedlings under normal conditions (Fig. 4B ). After 6 d of recovery, the survival ratio of the wild-type seedlings was 21% higher than that of the cam3 mutant seedlings, indicating heat resistance. This is consistent with our previous data (Zhang et al., 2009b) . The foliar application of SNP at 20 µM increased the survival ratio of the wild-type seedlings, but had no effect on the cam3 mutant plants.
No obvious phenotypic differences existed between the noa1(rif1) single and cam3noa1(rif1) double mutants (Fig. 4B ). In addition, there was no obvious difference in their survival ratios under heat stress; however, 20 µM SNP increased the survival ratio of the noa1(rif1) seedlings by 50%, whereas no clear effect on the cam3noa1(rif1) seedlings was observed ( Fig. 4C and D) .
Analysis of the Effects of NO on AtCaM3 Transcription by Real-time PCR
To further examine the interaction between NO and AtCaM3 under HS conditions, we examined the effect of NO on AtCaM3 expression by real-time quantitative
RT-PCR.
Before HS treatment, the AtCaM3 mRNA level in the noa1(rif1) mutant seedlings was 45% lower than that in wild type, and was partially restored in the rescued noa1(rif1) line. However, 20 µM SNP stimulated AtCaM3 mRNA expression in the noa1(rif1) mutant to a level that was slightly higher than that in wild type (Fig. 5 ).
Upon HS treatment, the AtCaM3 mRNA levels initially increased then gradually decreased over time in all cases; however, the peak time and value were variable. In the wild-type seedlings, the peak occurred at 30 min, and was 50% higher than that in the controls. In the mutant, the peak value occurred at 10 min, and was increased by 95% but was still lower than the normal level in wild type. At 20 µM SNP, a dramatic rise in the AtCaM3 mRNA level was detected, with recovery of the peak time and stimulation of the peak value to 185% of that in wild type. In the rescued noa1(rif1) line, the peak time and value were restored to 20 min and near the wild-type level, respectively ( design a reverse primer for use in identifying transgenic plants. RT-PCR analysis revealed stronger ectogenous AtCaM3 expression in the transgenic lines than in wild type, the noa1(rif1) mutant, and the vector control. Thus, the noa1(rif1) mutant was successfully transformed with AtCaM3 cDNA. Five homozygous AtCaM3-overexpressing transgenic lines were subsequently identified; however, only three lines (57-2, 62-2, and 63-2) were used in our thermotolerance studies. Among them, the AtCaM3 mRNA level of the line 63-2 was distinctly higher than those of the other two lines (Fig. 6A) .
None of the three AtCaM3-overexpressing transgenic plants showed variant phenotypes under normal growth conditions as compared with either the noa1(rif1) mutant or the vector control (Fig. 6B) .
Thermotolerance experiments showed that the overexpression of AtCaM3 had no significant effect on NO production ( Fig. 6C-E ), but that it partially rescued the heat-hypersensitive phenotype of the noa1(rif1) seedlings (Fig. 6F) . The survival ratios of transgenic lines 57-2, 62-2, and 63-2 were increased by 120, 135, and 210%, respectively, relative to their background levels, but were still lower than that of wild type (Fig. 6G ). Under HS, the line 63-2 retained a higher level of AtCaM3 mRNA level and a higher survival ratio than the other two lines (Fig. 6A and G 
), implicating that
AtCaM3 expression is involved in thermotolerance in the noa1(rif1) background.
These data (Figs. 4-6) provide evidence for a close relationship between NO and AtCaM3 in HS signaling.
Effect of NO on the DNA-binding Activity of HSFs and AtHSP18.2 Expression through AtCaM3
To examine the underlying mechanism of NO-and AtCaM3-induced thermotolerance in Arabidopsis, the binding of HSFs to HSEs in wild-type, noa1(rif1), and rescued noa1(rif1) seedlings as well as in our three AtCaM3-overexpressing transgenic lines (57-2, 62-2, and 63-2) was analyzed using an electrophoretic mobility-shift assay. Our 13 results indicate that after HS treatment, the binding of HSFs to HSEs in the noa1(rif1) seedlings was weaker than that in the wild-type seedlings, but was significantly activated in the rescued noa1(rif1) and three transgenic lines; binding was also stimulated by 20 µM SNP (Fig. 7A and B) . No binding was observed when the wild-type plants were not heated, suggesting that the band-shift was specifically induced by heat.
Because HSP expression is known to be an important component of acquired thermotolerance, we next examined the effects of NO and AtCaM3 on the accumulation of AtHSP18.2, a heat-induced protein, by Western blot analysis. As shown in Fig. 7C and E, AtHSP18.2 was not detected in the plants at 22°C (normal growth temperature); however, at 37°C, AtHSP18.2 accumulation was observed. The level of accumulation was lower in the noa1(rif1) mutant than in wild type, and was partially restored in the rescued noa1(rif1) and three AtCaM3-overexpressing transgenic lines. At 20 µM, SNP stimulated AtHSP18.2 accumulation in the noa1(rif1) mutant to a level that exceeded that in wild type ( Fig. 7D and F) . In each of these experiments, tubulin was used to ensure equal sample loading.
DISCUSSION
NO and Thermotolerance in Arabidopsis Seedlings
In the present work, we found evidence for the involvement of NO in thermotolerance. NO, induced by HS treatment, acted as a second messenger for the induction of AtCaM3 expression to regulate the DNA-binding activity of HSFs and the accumulation of HSPs; thus, it contributed positively to thermotolerance in Arabidopsis.
NO as a signaling molecule is induced by multiple environmental stresses. Thus, we first examined the effects of HS on NO level using noa1(rif1), which shows impaired NO production (Guo et al., 2003) , and wild-type seedlings. Our results indicate that under normal and HS conditions, the noa1(rif1) mutant retained lower levels of NO than wild type; however, increasing the duration of heat treatment stimulated NO production in both the wild-type and noa1(rif1) mutant seedlings (Fig. 1A-C) . The survival of the noa1(rif1) seedlings was also reduced compared to that of wild type ( Fig.   1D and E) , indicating its sensitivity to high temperatures. NO levels and survival of nia1nia2 plants varied in a similar manner as those of noa1(rif1) plants (Supplemental Fig. S1 ). Under HS conditions, the reduced NO levels and survival ratios synchronously existed in the noa1(rif1) and nia1nia2 seedlings compared to wild type, suggesting the influence of NO on thermotolerance. NO release varied swiftly and temporarily in nia1nia2 but slowly and enduringly in noa1(rif1), implying the possibility of different roles of NR and NOA1 in resistant reaction.
As shown in Fig. 1D , the noa1(rif1) plants grew poorly compared to the wild-type plants in the absence of heat stress. To exclude the possibility that the poor growth status of the plants rather than the internal NO level led to heat hypersensitivity, we applied SNP, an NO donor, to noa1(rif1) plants. The foliar application of SNP indeed improved the inner level of NO ( Fig. 2A-C) and influenced the survival ratio of the noa1(rif1) seedlings. A moderate concentration of SNP (20 µM) enhanced the thermotolerance of the plants to the greatest degree, whereas higher concentrations inhibited the adaptation of the plants to heat stress ( Fig. 2D and G) . These data indicate that NO is a key element in establishing thermotolerance.
Moreover, we used a rescued noa1(rif1) line to examine the effect of a rescued NO level on thermotolerance. Our results revealed that under HS conditions, an increased level of NO in noa1(rif1) compared to wild type slightly reduced the survival ratio (Fig.   3 ). This may seem strange, but we previously showed that an excessively high level of NO had a negative effect on thermotolerance (Fig. 2) . compared the effects of NO on wild-type versus cam3 and noa1(rif1) versus cam3noa1(rif1) seedlings. The application of SNP improved the survival ratios of wild-type and noa1(rif1) seedlings, whereas no obvious effect was observed with the cam3 and cam3noa1(rif1) mutant seedlings. A plausible explanation for this result is that AtCaM3 is a key component of the NO pathway of HS signaling, and therefore supplementation with NO, an upstream molecule, had no effect on the heat-sensitive status of the cam3 and cam3noa1(rif1) seedlings due to the loss of the downstream element AtCaM3 (Fig. 4) .
Relationship between NO and AtCaM3 under HS Conditions in
To prove this supposition, we examined the effect of NO on AtCaM3 transcription under HS conditions. Our results indicate that the AtCaM3 mRNA level was up-regulated by HS in wild-type seedlings. This trend was strongly inhibited in the noa1(rif1) seedlings, but was restored in the rescued noa1(rif1) line and successfully increased by treatment with 20 µM SNP (Fig. 5) . Under HS conditions, AtCaM3 mRNA expression increased as the NO level increased, indicating that AtCaM3 expression is regulated by NO. This result suggests that AtCaM3 acts downstream of NO in HS signal transduction (Fig. 5) .
Our AtCaM3-overexpressing transgenic seedlings did not exhibit a variable level of NO compared to the noa1(rif1) mutant, indicating that AtCaM3 had no effect on NO production, and therefore does not act upstream of NO in the HS signaling pathway.
Nonetheless, AtCaM3 overexpression improved the thermotolerance of the noa1(rif1) mutant according its transcriptional level, suggesting that AtCaM3 participates in the NO pathway of HS signal transduction (Fig. 6) .
Collectively, our results attest to the existence of a novel signaling pathway in which NO production is stimulated by HS to regulate AtCaM3 expression so as to influence thermotolerance.
The involvement of NO in thermotolerance was also reported by Lee et al. (2008) . In the paper, both 2.5-d-old dark-grown and ten-d-old light-grown noa1 seedlings were indistinguishable from wild-type seedlings in their heat tolerance, which is different www.plantphysiol.org on June 24, 2017 -Published by Downloaded from Copyright © 2010 American Society of Plant Biologists. All rights reserved.
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finding from ours. It might be due to the 38°C pretreatment having primed the plants for the subsequent 45°C heat treatment 2 h later. They also found that hot5 (encodes S-nitrosoglutathione reductase [GSNOR]) null mutants showed increased nitrate and nitroso species levels, and the heat sensitivity of both missense and null alleles was associated with increased NO species levels. Heat sensitivity is enhanced in wild-type and mutant plants by NO donors, and the heat sensitivity of the hot5 mutants was successfully rescued by an NO scavenger. Thus, they proposed that enhancement of the NO level induced heat sensitivity in Arabidopsis (Lee et al., 2008) . Substantively, their conclusion matches with ours. The data presented in Fig. 2 also show that the effect of a high internal level of NO on heat stress is opposite to that of a low level. In combination with the results of Lee et al. (2008) , our data suggest that NO homeostasis is a key factor affecting the initiation of resistant reactions to heat stress.
The Mechanism Underlying the Effect of NO through AtCaM3 on Thermotolerance
To determine the mechanism of the effect of NO via AtCaM3 on thermotolerance, we (Fig. 7A and B) AtCaM3 expression, thereby influencing HSF activity by increasing the phosphorylation activity of AtCBK3, leading to thermotolerance.
HSP genes are activated by HSF binding to HSEs. These genes are classified according to their molecular masses as HSP100, HSP90, HSP70, HSP60, and small HSPs; however, the most important type is the small HSPs, which play crucial roles in survival and development under heat stress (Water et al., 1996) . In this study, we used HSP18.2, a small HSP, to explore how NO induces thermotolerance through AtCaM3.
Western blot analysis indicated that under HS conditions, the increased NO level induced AtHSP18.2 protein expression. The overexpression of AtCaM3 in noa1 (rif1) plants enhanced the accumulation of AtHSP18.2 (Fig. 7C-F) . Collectively, the mechanism through which NO influences thermotolerance via AtCaM3 involves alterations in HSF DNA-binding activity and HSP gene expression.
We also found that 20µM SNP induced more AtCaM3 expression (Fig. 5 ) and AtHSP18.2 accumulation (Fig. 7) in noa1(rif1) seedlings than in wild-type seedlings under heat stress. However, 20 µM SNP (Fig. 2) and the overexpression of AtCaM3 (Fig. 6 ) only partially but not completely enhanced the survival rate of the mutant equal to that of wild type. This may be due to the nature of NOA1(RIF1), which is associated with NO biosynthesis (Crawford et al., 2006; Guo, 2006; Zemojtel et al., 2006) , such that supplementation with NO alone or overexpression of the downstream element AtCaM3 could not fully rescue the thermotolerance of the noa1(rif1) mutant.
To our knowledge, our current data provide the first evidence that NO functions as a second messenger in the induction of thermotolerance through AtCaM3, which is dependent on the enhancement of HSF DNA-binding activity and HSP accumulation (Fig. 8) . We previously proposed a model for HS signaling in which the HS signal was identified by an unknown receptor, leading to an increased cytosolic concentration of Ca 2+ , which directly activated AtCaM3 to initiate plant adaptations to heat stress (Zhang et al., 2009b) . In this paper, we found that NO acts upstream of AtCaM3 in response to (Delledonne et al., 1998); thus, it is likely that NO, as a novel HS signaling element, acts upstream of cytosolic Ca 2+ to activate AtCaM3 so as to induce thermotolerance.
This proposal is a subject of ongoing interest in our lab, and we plan to pursue the HS signal transduction pathway in detail.
MATERIALS AND METHODS
Plant Growth and Chemical Treatment
Seeds Six-d-old seedlings were exposed to 45°C for 0-70 min, then allowed to recover at 22°C for 6 d (Larkindale et al., 2005) . Those seedlings that were still green and continued to produce new leaves were scored as survivors. For real-time quantitative RT-PCR analysis, ten-d-old seedlings were heated at 37°C for 1 h and analyzed for AtCaM3 expression. For Western blot analysis, ten-d-old seedlings were kept at 37°C for 2 h and analyzed for HSP accumulation (Liu et al., 2005) .
Fluorescence Microscopy
NO was visualized using the specific NO fluorescent probe DAF-2DA (Sigma) according to the method of Guo et al. (2003) with modifications. Wild-type and mutant seedlings were incubated with 10 mM DAF-2DA in 20 mM HEPES-NaOH, pH 7.5, for 20 min. Thereafter, the roots were washed three times for 15 min with the HEPES-NaOH buffer prior to visualization using a fluorescence microscope (Nikon; ELLIPE TE2000-U) with excitation at 488 nm and emission at 515 nm. The signal intensities were quantified using MetaMorph (Universal Imaging Corp.), and the fluorescence was expressed in pixel numbers on a scale ranging from 0 to 270. All samples were used for NO visualization at 2 h after HS and compared with seedlings treated at room temperature.
Hemoglobin Determination
NO content was determined as described by Murphy and Noack (1994) with some modifications. The roots (1 g) were incubated with 5 min containing 100 units of catalase and 100 units of CuZn-SOD to remove endogenous ROS before addition of 10 mL of 5 mM oxyhemoglobin. After 2 min of incubation, NO was measured spectrophotometrically by measuring the conversion of oxyhemoglobin to methemoglobin. All samples were used for NO determination at 2 h after HS and compared with seedlings treated at room temperature. 
Construction of the Transgenic Lines
The 35S cauliflower mosaic virus promoter (restriction enzymes PstI and XbaI) and FLAG tag (restriction enzymes BamHI and SacI) were cloned into pCAMBIA1300, yielding pCAMBIA1300F.
To generate AtCaM3::FLAG for the production of plants overexpressing AtCaM3 in the noa1(rif1) background, AtCaM3 cDNA was amplified by RT-PCR using the primers CaM3F1 (5'-GCTCTAGAACAGGTTTCACGAAAAGGAGA-3') and CaM3R2 (5'-CGGGATCCCTTAGCCATCATGACCTTAAC-3'). The 479-bp product was cloned into pCAMBIA1300 using XbaI and BamHI (sites underlined) to generate the ). The number of T-DNA insertions was determined at the T2 generation based on the segregation ratio of hygromycin resistance. After three rounds of selection, homozygous transgenic lines were identified for use in our experiments.
RT-PCR Analysis
Total RNA was isolated from ten-d-old seedlings using the PrimeScript TM RT reagent kit (Takara). Transcript abundance in wild-type and mutant plants was determined by
RT-PCR using a one-step RT-PCR kit (Takara). The NOA1(RIF1) (At3g47450) transcript was amplified using the forward primer 
Real-time Quantitative RT-PCR Analysis
Total RNA (500 ng) was isolated from ten-d-old seedlings using the PrimeScript TM RT reagent kit (Takara) for first-stand cDNA synthesis according to the manufacturer's instructions. For RT-PCR, SYBR Premix Ex Taq TM (Takara) was used. The program was as follows: initial polymerase activation for 10 s at 95°C followed by 40 cycles of 95°C for 5 s and 60°C for 31 s. The reactions were carried out using an ABI prism 7000
Sequence Detection System (Applied Biosystems). Primer pairs were designed using Primer Express (Applied Biosystems). The AtCaM3 (At3g56800) transcript was amplified using the forward primer 5'-GGACTCGAGGTATGTTTTCTGCTT-3' and reverse primer 5'-TGTTCAGACGCAAAATAGAGCATAA-3'. The actin2 (AT3G18780) transcript served as an internal control and was amplified using the forward primer 5'-GGTAACATTGTGCTCAGTGGTGG-3' and reverse primer 5'-AACGACCTTAATCTTCATGCTGC-3'.
Electrophoretic Mobility-shift Assays
The HSE (Hübel and Schöffl, 1994; Schöffl et al., 1998; Li et al., 2004) oligonucleotides (5'-TCGAGGATCCTAGAAGCTTCCAGAAGCTTCTAGAAGCAGATC-3' and 5'-TCGAGATCTGCTTCTAGAAGCTTCTGGAAGCTTCTAGGATCC-3') were annealed and labeled with [γ-32 P]ATP using T4 polynucleotide kinase (Takara).
Ten-d-old seedlings were ground in liquid nitrogen and mixed with extraction buffer (10 mM Tris, pH 8.0, containing 1 mM EDTA, 10 mM boric acid, and 0.1 mM phenylmethylsulfonyl fluoride). After centrifugation, the supernatants were used as whole-cell extracts for HS treatment at 37°C for 1 h. Electrophoretic mobility-shift assays were carried out according to the method of Li et al. (2004) . 
Western Blot Analysis
Ten-d-old seedlings were kept at 37°C for 2 h and then ground in liquid nitrogen.
Total protein was extracted using an extraction buffer (10 mM HEPES, pH 7.9, containing 0.4 M NaCl, 0.5 mM DTT, 0.1 mM EDTA, 5% glycerol, and 0.5 mM phenylmethylsulfonyl fluoride), and the extracts were clarified by centrifugation at 14,000 x g for 20 min at 4°C. The supernatants were transferred to fresh tubes and the protein content was determined using Bradford's method (1976) . Total proteins (50
were separated by SDS-PAGE and then transferred to nitrocellulose membranes. The membranes were blocked for at least 3 h and then probed with rabbit antiserum against AtHSP18.2 and mouse antiserum against the loading control, tubulin (Sigma). After extensive washing, the membranes were incubated with the appropriate secondary antibodies conjugated to alkaline phosphatase (AP). BCIP/NBT (Amresco) was used for immunodetection.
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